Abstract-Volatile prices and severe supply-demand issues have led to the development of a significant research area in terms of reuse and recycle of rare earth permanent magnets. Another reason for the proliferation of this research is the increased emphasis on environmental impacts of rare earth material mining which can be substantially reduced by reuse and recycling. This paper develops a methodology and analysis tool to apply direct reuse and recycled rare earth magnets into electromobility. Easy assembly and disassembly of permanent magnets has been presented for a permanent magnet based claw-pole machine so as to directly reuse the recovered magnets. Secondly, utilization of recycled magnets fabricated by hydrogen decrepitation in the claw-pole machine has been analyzed and compared with a machine with virgin magnets. Energy consumption of the machine with virgin and recycled magnet have been evaluated for two vehicle drive cycles and it is observed that the consumption is almost the same for the machine with both magnet types. The results indicate that new age electrical machines for this application of electro-mobility can utilize recycled magnets which in turn lead to lesser impacts on the environment due to reduced mining of new rare earth minerals.
I. INTRODUCTION
Countries around the world have started phasing out petrol and diesel vehicles through numerous governmental policies and norms [1] . The major reason for this is due to the increase in environmental pollution and amplification of temperatures which is a direct result of polluting emissions and resulting in climate change. As a consequence, automobile manufacturers in the world are extensively working towards electro-mobility (e-mobility). With the introduction of electric vehicles (EV) and hybrid electric vehicle (HEV), e-mobility seems to dominate pure combustion engine vehicles for the next few years. The electrical machines (e-machines) utilized in these EVs and HEVs majorly use rare earth (RE) permanent magnets (PM) and especially Neodymium Iron Boron (NdFeB) magnets due to their high energy density. But due to price fluctuations and supply-demand issues of RE materials utilized in NdFeB magnets, a lot of research is being undertaken to reduce or utilize RE free magnets in PM machines. Reuse and recycle of these NdFeB magnets is also one of the ways to reduce the stress on mining of these RE materials. Research is being carried out on the recycling of these RE PMs from magnet scrap by utilizing a range of techniques [2] & [3] . Nevertheless, there are challenges in developing methodologies for reuse or recycle of magnets in electric motors due to varying motor topologies, technologies, material characteristics, proper disposal at end-of-life (EoL) and economic/environmental implications.
This study examines the applicability of direct use and recycled RE PMs in e-mobility; with the main focus on NdFeB magnets. The e-machine utilized for this is a permanent magnet based claw-pole machine. The structure of the paper is as follows. First, the methodology for direct reuse and utilization of RE PMs in the claw-pole machine is described. Second, the process of fabricating the recycled magnets using hydrogen decrepitation (HD) is elaborated and magnetic properties of recycled and virgin magnets are compared. The next section presents the design analysis of a claw-pole machine with virgin and recycled magnets. The energy consumption is also evaluated by operating the machine at two different drive cycles i.e. New European Driving Cycle (NEDC) and Worldwide Harmonized Light Vehicles Test Procedure (WLTP). The last section provides the conclusion.
II. DIRECT REUSE AND RECYCLED RARE EARTH MAGNET CONCEPT
Motors and generators in the current generation of EVs and HEVs have been engineered for best performance and lowest price, without taking into account that these machines contain large quantities of critical RE elements that need to be recovered at the EoL stage. Increasing market penetration of EVs and HEVs involves a strong demand in high performance NdFeB magnets. Considering there is no effective recovery and recycling of these magnets in place, this augments a major
Hence, this section integrates this concern from the design of machine with emphasis on reusability of the permanent magnets. While being designed with reusable magnets, the machines must also meet the stringent performance and cost requirements of EVs and HEVs. The reuse/recycle methodology can be divided into two routes, which are detailed in the following section.
A. Direct Reuse methodology
Direct reuse is defined as easy assembly and disassembly of permanent magnets after EoL of the machine and reuse in other applications or reuse as an input material in the manufacturing of new magnets. At present, in the claw-pole machine, the two claw-poles are generally identical in construction related to magnet placement between the interclaws. The inter-claws have appropriate magnet slits so as to maintain the magnets in the desired position. Fig. 1 shows the claw-poles and magnets along with the highlighted magnet slit at the end of each claw-pole so as to maintain the magnets in the desired position. Therefore, this hinders the disassembly of magnets at EoL. Varnish is applied on the complete rotor assembly i.e. the claw-poles, rotor winding, magnets and shaft after manufacturing assembly is finished. In the present design, varnish is important because it helps in the mitigation of following issues:
x Vibration issues x Corrosion issues (magnets are non-coated) c) It is proposed in the re-use methodology to have second forged claw-pole with complete magnet slit till the end as seen in Fig. 2 . Subsequently, the second claw-pole is placed over the first claw-pole and magnets.
d) Varnish is applied to the complete rotor assembly.
At EoL, i.e. during disassembly:
a) Varnish remover is applied on the complete rotor assembly. Depending upon the needs, chemical based or eco-friendly varnish remover can be applied.
b) The rotor is subjected to Curie temperature for 30 seconds so as to demagnetize the magnets before disassembly. This temperature treatment also helps in loosening of the varnish.
c) Push the magnet out through the complete magnet slit.
B. Utilization of direct recycled magnets in electrical machine
Direct recycle is defined as utilizing directly recycled permanent magnets in designing of new electrical machines developed for automotive applications. Direct recycling of permanent magnets refer to the treatment of scrap magnets as a raw material for the production of new magnets, but using novel techniques such as HD, hydrogenation disproportionation desorption recombination (HDDR) processing, and many more, to give new, ready-to-use, magnetic materials or a new master alloy that can be processed using existing magnet production facilities. Literature has shown that the magnetic properties of recycled magnets may differ from 3% to 20% when compared to that of the original magnetic material used for the production of new magnets. Consequently, with the decrease in magnetic properties, the performance of electrical machine also changes. Hence, the direct recycle methodology for design of an electrical machine (claw-pole type) has been proposed in Fig. 3 .
The steps for direct recycle methodology are as follows: a) Existing electrical machine designs utilizing new/virgin permanent magnets are analyzed and the performance for these machines are recorded in a dataset.
b) In the electrical machine design of step 1, recycled magnet material properties are used for analysis and performance parameters are recorded in another dataset.
c) The machine performances with new/virgin magnet and recycled magnets are compared using data analysis.
d) Finally the machine design is optimized so as to achieve the best performance utilizing the recycled magnet properties.
e) Evaluation of energy and fuel consumption to check for economic viability. 
III. RECYCLED MAGNET FABRICATION USING HYDROGEN DECREPITATION
Researchers at the University of Birmingham have shown that hydrogen can be used to separate NdFeB magnets from hard disk drive scrap [4] . In this work, hydrogen is used to extract NdFeB magnets from automotive motor scrap in the form of hydrogenated NdFeB powder. This powder was then purified by various separation techniques (e.g. magnetic separation and sieving) for production of sintered magnets with good magnetic properties. However, the polymeric coating on some of the magnets used in drive motors could not be fully removed by these techniques. Previous work has shown that carbon has a negative influence on the magnetic properties; however the rare earth content in the alloy influences the threshold where the carbon has a limited effect on the coercivity [5] .
In this work, the magnets were extracted from drive motors of EoL vehicles and demagnetized by heating to 350 ºC in the air and the polymeric coating was removed by grinding the surfaces followed by HD. The HD powder was then milled under Argon to below 45 μm particle size using knife mill after the addition of 5at% freshly prepared neodymium hydride (NdH 2.7 ). Finally the powder was aligned in 1.3 T field using permeameter, iso-statically pressed into a green compact and sintered at 1080 °C for 1 hour under vacuum (~10 -5 mbar). These recycled magnets were then compared in terms of magnetic properties and density to compare with commercially produced sintered N42SH WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 5HQHZDEOH (QHUJ\ 5HVHDUFK DQG $SSOLFDWLRQV 3DULV )5$1&( 2FW ,&5(5$ magnets. Fig. 4 shows the schematic of possible re-processing routes as developed in ref [4] . 
IV. DESIGN ANALYSIS WITH VIRGIN AND RECYCLED MAGNET
The PM based claw-pole machine utilized in this study is developed for a 48 V mild hybrid starter-generator automotive application. One of the advantages of utilizing PMs in a clawpole machine is to obtain high torque during constant torque region and this study is highlighted in ref [6] & [7] . Utilization of recycled PMs in electrical machines is now being researched upon so as to explore the advantages of reuse/recyclability, i.e. less pressure on mining, fewer environmental impacts and small amount of supply-demand problems [8] . In this section, first the comparison in torquespeed at peak performance with virgin and recycled magnets is presented and secondly, energy consumption is evaluated for NEDC and WLTP drive cycles.
A. Performance comparison with virgin and recycled magnets
Virgin magnets used in this study are commercially available N42SH PMs with the magnetic properties as listed in Table I . Similarly, recycled magnets utilized are developed in a lab scale as described in Section III and with magnetic properties as listed in Table I . Three dimensional (3-D) finite element (FE) analysis and MATLAB programming was carried out to obtain the machine performance in the complete torque-speed envelop. Fig. 7 illustrates the comparison of torque-speed curve with virgin and recycled magnets at peak performance. It can be observed that there is a reduction of 5.26 % in peak torque during constant torque region, and almost negligible change in torque in constant power region. This decrease is mainly due to the reduction in recycled magnet's magnetic performance and can be overcome by optimizing the machine design.
B. Energy consumption evaluation with drive cycle incorporation
Energy consumption for a reference drive cycle requires performance parameters of the machine for the complete torque vs. speed envelop. As a result, efficiency map of the motor needs to be evaluated so as to acquire the precise torque and efficiency points for the corresponding speed values in the WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 5HQHZDEOH (QHUJ\ 5HVHDUFK DQG $SSOLFDWLRQV 3DULV )5$1&( 2FW ,&5(5$ reference drive cycle. The methodology to obtain the energy consumption by the machine can be seen in Fig. 8 and is studied in detail in ref.
[9]. To evaluate fuel consumption of the machine it is required to analyze the complete system simulation with an internal combustion engine (ICE), clutch and gear mechanism, etc. Hence, in this section it is assumed that the machine performs in pure EV mode and is coupled to the wheels by gear transmission. It is assumed that the vehicle is a compact 2-seater city car with the vehicle parameters as follows: vehicle weight = 500 kg, density of air = 1.25 kg/m Two different drive cycles are utilized in this section for energy consumption evaluation viz. NEDC and WLTP. The NEDC and WLTP drive cycles can be seen in Fig. 10 Consequently, using the vehicle parameters and NEDC & WLTP cycles, the operating points of both the drive cycles can be obtained by utilizing the flow diagram as in Fig. 8 . The gear ratio of 10:1 is selected due to the fact that all the operating points of NEDC and WLTP cycle are placed nearly below the continuous performance region of the machine. This is because the machine should operate in its thermal equilibrium continuously for the complete drive cycle. Fig. 11 depicts the torque-speed envelops of the machine for peak and continuous performance along with NEDC operating points. Similarly, Fig. 12 shows the torque-speed envelops of the machine for peak and continuous performance along with WLTP operating points. As per the flow diagram in Fig. 8 ; the torque vs. speed profile and efficiency map are employed together to get the energy consumed by the machine during the lifetime of 10 years with 2 hours of daily operation. The energy consumption can be calculated as:
( 1) where, E c is total energy consumed, E(t) is energy input as function of time and t is time.
WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 5HQHZDEOH (QHUJ\ 5HVHDUFK DQG $SSOLFDWLRQV 3DULV )5$1&( 2FW ,&5(5$ Fig. 12 . Torque-speed envelop of the machine with WLTP operating points
The harmonized electricity price for Europe region is considered as 0.22 €/kWh [11] . As a result, the energy consumed by the machine with virgin and recycled magnets for NEDC and WLTP drive cycle with the above assumed lifetime is listed in Table II . It can be observed that the percentage difference in the energy cost with NEDC and WLTP drive cycle is 0.51 % and 0.38 % respectively. Hence, it can be concluded that the machine performance with recycled magnets in different drive cycles at various operating points is almost the same. 
C. Permanent magnet demagnetization study
PM demagnetization at higher temperature operation for recycled magnets is also important as the H cb for recycled magnets is low. In this section, first the machines' developed torque at base speed with peak current would be observed. Then as a worst case scenario, maximum field current and only negative d-axis current (I d ) current at 150 °C temperature would be injected and the magnet demagnetization would be observed. This demagnetized magnet would again be used to calculate the developed torque so as to compare the torque with a non-demagnetized PM and demagnetized PM. This procedure would be carried out for the machine with virgin and recycled magnets. In Fig. 13 the demagnetized virgin magnet with I d = -325 A and q-axis current (I q ) = 0 A can be observed.
It can be observed that at PM corners the magnetization is above the knee point of the BH curve and only small area seems to be demagnetized. Fig. 14 depicts the developed torque with non-demagnetized and demagnetized virgin PMs. It can be observed that there is almost no change in the torque and hence the machine is capable to handle the worst case scenario without being derated. It can be observed that the developed torque is reduced by 1.6 % for demagnetized PMs as compared to nondemagnetized PMs. The percentage reduction in torque is very less as the PMs are not the main source of induction in this machine but still the e-machine design needs to be taken care WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 5HQHZDEOH (QHUJ\ 5HVHDUFK DQG $SSOLFDWLRQV 3DULV )5$1&( 2FW ,&5(5$ for this reduction in new e-machine designs. This reduction can easily be surpassed by systematic optimization of the emachine so as to achieve the performance and as well as take into account magnet demagnetization effects. The above investigation gives insight upon the utilization of recycled magnets in new age electrical machines of this application for these power ratings. The claw-pole machine could be easily optimized to obtain the little reduction in energy and torque-speed performance to obtain results equivalent to a machine with virgin magnets. The price of recycled magnets is assumed to be lesser than virgin magnets, hence providing cost benefits for the machine. Even if the price is similar than virgin magnets, the environmental impact of recycled magnets is much lower due to reduced mining activities. Life cycle assessment of NdFeB magnet production by magnet-to-magnet recycling for EV motors shows that PMs fabricated from magnet scrap can have up to 64-96 % lower environmental impacts, depending on the specific impact categories under investigation [12] .
V. CONCLUSION
In this research work, direct reuse methodology and employment of recycled magnets in a PM based claw-pole machine for e-mobility has been investigated. The direct reuse methodology is useful in extracting the PMs easily after endof-life of the machine and utilized for other applications or sent for re-processing to obtain recycled magnets. The direct recycle methodology uses recycled magnets in existing machine design to evaluate the performance and energy cost for NEDC and WLTP drive cycle. It has been observed that the energy cost with virgin and recycled magnets for machine operation in NEDC and WLTP drive cycles is very similar and the percentage difference is only in the range of 0.38 % to 0.51 %. This provides the motivation of utilizing recycled magnets for advanced and new PM claw-pole machines for HEV applications. The environmental impact of utilizing recycled magnets would be low and hence making the electrical machine more sustainable in nature. Future work is planned with the experimental utilization of recycled PMs in claw-pole machine design.
